The lattice response of 5 nm thick bismuth film to femtosecond laser excitation is probed by ultrafast electron diffraction. The transient decay time after laser excitation is greater for diffraction from (012) lattice planes compared to (110) planes and is reduced for both planes with the increased laser fluence. These results indicate that different energy coupling mechanisms to the lattice occur depending on the crystal direction. The behavior of the diffraction peak width indicates partial disorder of the film upon photoexcitation that increases together with the laser fluence. Bismuth (Bi) crystallizes in the a-arsenic structure which can be derived from the face-centered cubic structure with a weak rhombohedral distortion. 1 That unit cell has two atoms: the first is on a lattice site, while the second is slightly displaced from the center along the body diagonal and is stabilized by the Peierls mechanism, which introduces a narrow band gap and renders Bi as a semimetal.
2 If Bi is excited by an ultrafast laser pulse, the equilibrium distance of the two basis atoms is modified and the Bi atoms oscillate along the body diagonal generating the A 1g coherent optical phonons. 3 Bi has a very small electron effective mass tensor components, large mean-free path ($100 nm at 300 K), highly anisotropic Fermi surface, and small energy overlap of 36 meV, making bulk Bi a semimetal. 4 When the electrons are confined, the band energy split increases and results in the appearance of a small indirect band gap. 4, 5 We report here on the observation of anisotropy in lattice dynamics as detected in the electron diffraction intensity for the (012) and (110) diffraction peaks from a 5 nm thick Bi film. The transient decay time after laser excitation is greater for the (012) Bragg peak compared to the (110) peak. The behavior of the width of the Bragg peaks with time indicates partial disorder of the Bi flat islands upon photoexcitation.
Ultrafast electron diffraction (UED) [6] [7] [8] was used to probe the structure of laser-excited Bi thin film. A 35-keV electron gun was used to produce electron pulses by photoemission from a silver thin-film photocathode excited by frequency-tripled laser pulses (110 fs duration, 800 nm fundamental wavelength, at 1 kHz repetition rate). The Bi film was exposed to the fundamental wavelength. The temporal resolution of the UED setup is better than 2 ps at the photocathode excitation level used. This was confirmed by performing UED experiment on 20 nm thick free-standing aluminum and bismuth films which showed lattice thermalization time in good agreement with that reported previously. 9, 10 The UED system is operated in low 10 À9 Torr.
The Bi films were grown by thermal evaporation on 3 mm diameter copper transmission electron microscopy (TEM) grids coated with <10 nm thick carbon layers. The as-deposited flat islands were annealed by femtosecond pulsed laser with a fluence of 2.4 mJ/cm 2 . Laser annealing with a fluence of 3.3 mJ/cm 2 had similar annealing effect. The laser-annealed sample had a diffraction pattern that remained stable during the reported experiments and recovered after heating. Figure 1 shows TEM images of the asdeposited Bi film and after laser annealing, along with the corresponding transmission electron diffraction patterns. The lattice parameters remained unaffected by annealing and were found to be a ¼ 4.6 6 0.1 Å and c ¼ 11.6 6 0.1 Å , which are in good agreement with the reported values of 4.54 Å and 11.81 Å for the Bi unit cell. 2 . The decay time s of the normalized intensity is found to be dependent on the laser fluence and the diffraction peak. It is generally assumed that the decay of the diffraction intensity in UED follows the Debye-Waller treatment where the intensity of diffraction peak is reduced due to increased single-and multi-phonon scattering by lattice heating. This is considered valid in analysis of UED experiments as a measure of the mean vibrational amplitude; 14, 15 however, extension of this treatment to define a temperature is not valid when the equilibrium phonon distribution has not yet been reached. Phonon equilibration can take several tens of picoseconds. UED measurements of the decay of coherent acoustic phonons in Bi film showed a decay time of 40-50 ps, 12 which is four times longer than previously found for optical phonons in pump-probe reflectivity measurements. 13 Therefore, the time required for the phonons to reach equilibrium in the Bi film is longer than $50 ps for the experimental conditions used.
The decay time s in Fig. 2 was fitted to a single exponential. Considerable anisotropy in s is observed between the (012) and (110) Bragg peaks. At a laser fluence of
and (110) peaks, respectively. This anisotropy in s shows that the energy transfer from the excited carriers and coherent phonons to the lattice is anisotropic. Since the thermalization of the acoustic phonons takes much longer than s, the anisotropy in the energy transfer rate to the lattice will appear as a difference in s measured for different planes. Lattice excitation occurs through carrier thermalization by electron-phonon and phonon-phonon interactions. Carrier diffusion is negligible since the film thickness is less than the laser skin depth in Bi which is $28 nm. 13 Excitation of Bi by ultrashort laser pulses changes the equilibrium atomic positions within the unit cell by displacive excitation of coherent phonons of the symmetric A 1g mode. The photoexcited carriers generate nonequilibrium electron distribution that changes the lattice bonding. The main mechanism for the relaxation of the A 1g coherent phonons is dephasing by phonon-phonon interaction due to lattice anharmonicity. 16 The carrier relaxation time and dephasing time of the A 1g phonons were previously found to depend on the structure and size of the studied sample. For a polycrystalline Bi film, these times were both $4.1 ps. The carrier relaxation time was shorter (2.8 ps) in Bi single crystal, while the A 1g phonons dephasing time was about the same as for the polycrystalline sample. 16 The increased carrier relaxation time in the polycrystalline sample is thought to be due to its semiconductor character as a result of size reduction.
The decay time s observed for the (110) peak is consistent with the carrier relaxation time observed in Bi films. 16 The (110) planes are parallel to the body diagonal and, therefore, diffraction from these planes is not sensitive to A 1g oscillations or decay of these oscillations into coherent acoustic phonons oscillating along the body diagonal. However, the (012) peak is sensitive to oscillations along the body diagonal. The longer s observed for the (012) peak could be due to additional lattice excitation mechanisms involving decay of A 1g oscillations into coherent acoustic phonons and their subsequent relaxation into the phonon bath.
Increasing the laser fluence from 1.5 to 3.3 mJ/cm 2 reduced s for the observed diffraction peaks. The reduction of s together with increasing fluence was also previously observed for 30 nm thick Bi film, although no anisotropy in s was reported for the diffraction peaks studied. 10 The reduction in s together with increasing laser fluence can be explained by the increased carrier density resulting in higher carrier relaxation time, as well as by an increase in the damping of the coherent phonons, both optical and acoustic, with laser fluence as was previously detected for the A 1g oscillations. 17 To estimate the final lattice temperature, we used the normalized diffraction intensity level near the end of the pump-probe scans in Fig. 2 and the measured Debye temperature for the (110) diffraction peaks, which we found previously to be 86 6 9 K. 18 The increase in lattice temperature as a result of heating by 1.5 mJ/cm 2 laser pulse is $150 K, resulting in maximum temperature of $450 K. Surface melting of the Bi islands can occur at this temperature. Figure 3 shows the full width at half maximum (FWHM) of the (012) diffraction peak at the time delay of 41 ps normalized to that without laser heating plotted as a function of the laser fluence. The behavior of the (110) peak was similar in shape. The increase in the FWHM of the diffraction peak width indicates reduction in the crystalline size. We have previously observed an increased diffraction peak width in the case of Bi nanoparticles under continuous heating, and this was attributed to formation of a liquid shell around the nanoparticles. 18 Excitation of longitudinal acoustic phonons and strain effects can also affect the measured FWHM, however, unlike the behavior observed in Fig. 3 , these effects decay in a few tens of picosecond. 20 The results in Fig. 3 show that some disorder is occurring at a fluence as low as 1.5 mJ/cm 2 and continues to increase with the laser fluence. The inset in Fig. 3 shows the temporal development of the normalized FWHM, which shows that the diffraction width reaches a plateau at a time that is reduced with the increasing laser fluence and is delayed by $20 ps for the laser fluence of 1.5 mJ/cm 2 . The FWHM remains constant up to the maximum probed time, 100 ps. This observation is consistent with the formation of a stable disorder (a liquid layer), that persists over time due to the slow thermal diffusion out of the Bi islands.
In UED experiments on 5 nm thick Bi film, consisting of flat islands, the temporal development of the diffraction intensity shows that the transient decay time after laser excitation is greater for the (012) diffraction peak compared to the (110) peak. These results indicate that different energy coupling mechanisms, depending on the crystal direction, are occurring in the case of femtosecond laser excitation. The behavior of the FWHM of the diffraction peaks with time indicates partial disorder of the Bi islands that increases with the laser fluence. 
